One of many attractive examples of pattern-forming physics describing dissipative structures out of equilibrium ͓1,2͔ is ac-driven electroconvection ͑EC͒ in liquid crystals. It provides us with a rich variety of patterns that are fundamentally related with the anisotropy of liquid crystals. The primary EC pattern, the Williams domain ͑WD͒, at a threshold field appears due to the so-called Carr-Helfrich mechanism ͓3͔. Increasing the electric field and changing its frequency, one also observes various secondary instabilities such as the zigzag instability, the Eckhaus instability, the abnormal roll instability, and so on ͓4 -7͔. For the last three decades EC has been intensively studied experimentally and theoretically, and could be understood more systematically. However, there still remain many questions related to various pattern formations in electrohydrodynamic instability. In this report we address EC in nematic liquid crystals in Hele-Shaw cells ͓8͔ in which we can directly observe full convective structures; the standard patterns such as the WD, the dynamic scattering mode ͑DSM͒ below a critical frequency f c , and the chevron pattern above f c ͓9,10͔. In addition to these, a sawteethlike pattern that was not expected before has been observed. We have investigated the stability problem of the dissipative structure in terms of the Busse diagram ͓4,11͔.
We have prepared Hele-Shaw cells, as shown in Fig. 1 . The thickness r of nematic films between two slide glasses was safely maintained with electrodes. We have used a commercial aluminum foil (rϭ12 m) or a micropolished stainless cutter (rϭ180 m) as the electrodes. The gap d between two electrodes was set in dϭ200 m, 500 m, and 1000 m. The dimension of nematic films in the x direction was sufficiently large (ϳ26 mm). In order to achieve the planar alignment, we carried out the rubbing treatment along the x direction parallel to the glasses. A well-known nematic liquid crystal, MBBA (p-methoxybenzilidenepЈ-n-butylaniline͒ was used in the present study. Moreover, in order to observe the flow of electroconvection, small particles ͓micropearl ͑Sekisui Chemical͒ of diameter 3.88 m] were mixed with the liquid crystal ͓12͔. Across these cells was applied an alternating electric field EϭE 0 cos(2ft) ͓E ជ ϭ(0,0,ϮE Z )͔, which was generated by a function synthesizer ͑NF-1915͒ and an amplifier ͑F20A, Toyo Tech͒. The function synthesizer was controlled via the standard general purpose interface bus ͑GPIB͒ by a computer. At room temperature, the electroconvection patterns were observed in the xz plane ͑side-view͒ parallel to the electrodes by use of a charge-coupled device ͑SONY XC-75͒ mounted on a polarizer microscope ͑ML-9300, Meijitech͒. The applied voltage and the wavelength of patterns were measured with an electric multimeter ͑Keithley-2000͒ and an optical micrometer ͑Nikon͒, respectively. In order to capture the change of patterns with real time on a computer, we have used an image soft ͑Scion Image͒ and an image board ͑PCI-VE5, Scion Corporation Company͒.
We have found typical patterns between crossed polarizers, as shown in Fig. 2 . The side-view WD was observed in Fig. 2͑a͒ , which correspsonds to the well-known WD in the standard top view ͑in the xy plane͒ cells. Due to the small thickness r, the wavelength of the present WD is much smaller than that of the standard cells ( c ϳd). Above a threshold voltage V c microparticles flew along the z axis, i.e., the orientation of the arrows depicted in the picture. Increasing V further from V c , the WD was evolving into an unexpected pattern in Fig. 2͑b͒ . Hereafter we call it the sawteeth pattern ͑STP͒. The STP showed a peculiar flow along the FIG. 1. A Hele-Shaw ͑side-view͒ cell. Electroconvection patterns are observed in the xz plane. In the case of the standard ͑top-view͒ cells, one observes the patterns in the xy plane for r ӷd. The director of a liquid crystal ͑MBBA͒ with a negative dielectric anisotropy (⌬Ͻ0) has a preferred orientation along the x axis. An electric field is applied parallel to the z axis.
edges of the sawteeth, as depicted in Fig. 2͑b͒. Figures 3 show an evolution process with increasing V. The sawteeth start to grow near both the electrodes ͓see the lower part of Fig. 3͑d͔͒ , and then they form a remarkable STP ͓in Fig.  3͑e͔͒ . Eventually, at a high voltage it becomes a fully developed turbulence state called the dynamic scattering mode ͓8,9͔.
On the other hand, above a critical frequency f c a clearly different pattern was found in Fig. 2͑c͒ , which may correspond to the so-called chevron pattern found in the standard cells ͓8,10,13,14͔. There exist small-scale vortices near both the electrodes, as can be seen in Fig. 2͑c͒ . A surface instability must be dominating in this ͑dielectric͒ regime ( f Ͼ f c ). By observing a starting flow, we have determined V c with changing f, as shown in Fig. 4 . As in the case of the standard cells, we have reproduced the characteristic frequency dependence of V c ͓15͔ below and above f c ͓1,2,16,17͔.
We have investigated the stability of the standard convective structure ͓i.e., the WD in Fig. 2͑a͔͒ by the voltage-FIG. 2 . Typical patterns in a Hele-Shaw cell (rϭ12 m, d ϭ500 m). ͑a͒ The side-view WD ͑Williams domain at Vϭ35 V and f ϭ2000 Hz), ͑b͒ the sawteeth pattern ͑STP at Vϭ42 V and f ϭ2000 Hz), ͑c͒ the surface vortices corresponding to the chevron pattern in the standard ͑top-view͒ cells ͑at Vϭ130 V and f ϭ6000 Hz). The arrows indicate the direction of the flows corresponding to electroconvection. The scale of the white bars is 100 m. frequency jump method ͓4,11,18͔. In order to determine stable structures, we have measured the critical wave number q c ( f ) at the onset of convection ͓19͔, as shown in Fig. 5 . We have chosen a final stable structure q c ϭ0.013 m Ϫ1 at V c ϭ22.5 V and f 0 ϭ100 Hz, to which a jump was made from any initial states with the wave number q i . When jumping from the initial states q i (V i , f i ) to the final state q c (V c , f 0 ) by changing V and f simultaneously under the GPIB control of the field generator, we have observed the transient process of pattern dynamics. Figure 6 shows typical pattern-selection processes in the QϪ plane, where Qϭ(qϪq c )/q c and ϭ(V 2 ϪV c 2 )/V c 2 are the normalized wave number and voltage, respectively. In region ͑a͒ above E-line ( E ϳ3Q 2 : Eckhaus line͒ the pattern with q i had no remarkable change, while it experienced the well-known Eckhaus instability in FIG. 7 . Pattern selections after the voltage-frequency jump. ͑a͒ no remarkable change, ͑b͒ the Eckhaus instability, ͑c͒ simple decaying and rearranging. These pattern selections arise in regions ͑a͒-͑c͒ in Fig. 6 ͑with same labeling͒. region ͑b͒ between E lines and NS ( NS ϳQ 2 : neutral stability line͒ lines. In region ͑b͒ we have observed creation and annihilation of the convective structure pairs, as seen in the upper parts of Fig. 7͑b͒ . In region ͑c͒ the pattern with q i decays monotonically and appears again with q c . Their corresponding processes are shown in Fig. 7 . Although any other instabilities such as zigzag and skewed varicose instability were not found due to the present geometry, we have experimentally observed the neutral and Eckhaus instability boundaries and checked a consistency of the two instability lines in the stability diagram in Hele-Shaw cells ͓4,13,20,21͔.
In summary, we have directly observed the convective structures below and above a critical frequency f c in HeleShaw ͑side-view͒ cells. By observing the motion of microparticles, the convective structures below and above f c could be discriminated. The small vortices near both the electrodes were dominating above f c , while the large convective structure was manifested below f c . Although these surface and/or bulk instabilities in the dielectric region ( f Ͼ f c ) have been discussed for a long time in the standard ͑top-view͒ cells ͓14,16,17͔, our experimental results in Hele-Shaw cells obviously support the surface instability. Moreover, compared to the standard cell case a strong anchoring due to the smallness of r causes a large shift of the threshold voltage and small wavelengths. We have also found an unexpected convective structure ͑STP͒ with a peculiar flow that has never been reported in the standard cells, namely, due to the geometric dimension of cells as well as the director alignment, the successive pattern-forming scenario to turbulence is dramatically changed ͓22,23͔. Finally, the universal relationship between Eckhaus and neutral curves in the Busse diagram for quasi-one-dimensional systems has been successfully confirmed in the present Hele-Shaw cells.
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